Measuring the atomic recoil frequency using a perturbative 
grating-echo atom interferometer 



o 

a; 

m 

(N 



43 

Or 



o- 

-I— > . 
Of 



>: 

in 

ON' 

o: 



B. BarrettQ A. Carew, S. BeatticQ and A. Kumarakrishnan 
Department of Physics & Astronomy, York University, Toronto, Ontario M3J 1P3, Canada 

(Dated: September 26, 2012) 

We describe progress toward a precise measurement of the recoil energy of an atom measured using 
a unique perturbative grating-echo atom interferometer (AI) that involves three standing-wave (sw) 
pulses. Experiments are performed using samples of laser-cooled rubidium atoms with temperatures 
< 5 /iK in a non-magnetic apparatus. The AI signal exhibits narrow fringes that revive periodically 
at the two-photon recoil frequency, uj q , as a function of the third sw pulse time. Using this technique, 
we demonstrate a measurement of cj q with a statistical uncertainty of 37 parts per 10 9 (ppb) on a 
time scale of ~ 45 ms in 14 hours. Further statistical improvements are anticipated by extending this 
time scale and narrowing the signal fringe width. However, the estimated systematic uncertainty is 
~ 6 parts per 10 6 (ppm). We describe methods of reducing these systematic errors to competitive 
levels. 



There is an ongoing, international effort to develop pre- 
cise, independent techniques for measuring the atomic 
fine structure constant, a — a dimensionless parameter 
that quantifies the strength of the electromagnetic force. 
These measurements can be used to stringently test the 
theory of quantum electrodynamics (QED). Historically, 
two types of determinations of a have been carried out: 

(i) those that use another precisely measured quantity, 
such as the magnetic moment of the electron, to deter- 
mine a through challenging QED calculations (HQ, and 

(ii) those that are independent of QED. The latter de- 
pend on only the quantities appearing in the definition 
a = e 2 /2eo/ic, where e is the elementary charge, eo is 
the vacuum permittivity, h is Planck's constant and c 
is the speed of light. Some examples of a determina- 
tions that require QED are the precise measurements of 
the anomalous magnetic moment of the electron and 
the fine structure intervals of helium [4] . The most pre- 
cise examples of QED-indcpcndent determinations are 
those based on measurements of the von Klitzingcon- 
stant, Rk = h/e 2 , using the quantum- Hall effect [1,0], 
and those based on measurements of the ratio h /M using 
(i) Bloch oscillations in cold atoms Q and (ii) atom inter- 
ferometric techniques [§-fi"l1| . Other tech niq ues that show 
high sensitivity to h/M include Refs. |l2j. Il3j|. Within 
these examples, atom interferometry has emerged as a 
powerful tool because of its inherently high sensitivity to 
h/M, which can be related to a according to 
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Here, R x is the Rydberg constant, m e is the electron 
mass, and M is the mass of the test atom. Since Roo is 
known to 5 parts in 10 12 , and the mass ratio M/m e is 



typically known to a few parts in 10 10 |14|, the quantity 
that limits the precision of a determination of a using 
Eq. CQ) is the ratio h/M. Currently, the best measure- 
ment of this ratio was recently carried out in 87 Rb, where 
/i/M( 87 Rb) was determined to 1.2 ppb 



The focus of this work is a precise determination of a 
from the ratio h/Mnh using a unique three-pulse pertur- 
bative grating-echo AI. In recent years, the grating-echo 
AI has emerged as a candidate for precise measurements 
of the two-photon recoil frequency, ui q = hq 2 /2M, where 
hq = 2hk is the two-photon momentum and k is the 
wave number of the light [l5| . The appeal of this AI lies 
in its reduced experimental complexity compared to Ra- 
man AIs (i.e. it docs not require internal state or velocity 
selection, and it utilizes only one excitation frequency). 
Additionally, since this interferometer uses only one hy- 
perfinc ground state, it has reduced sensitivity to com- 
mon systematic effects such as the ac Stark and Zeeman 
shifts. Phase noise in the excitation beams due to mirror 
vibrations is also a negligible concern with this interfer- 
ometer, since the excitation pulses are short-lived (< 1 
/xs) and the interference can be probed using intensity 
detection. 

The principles of the grating-echo AI can be under- 
stood on the basis of a plane-wave description as shown 
in Fig. [TJa) [il^ - fil^ . The AI relies on Kapitza-Dirac scat- 
tering of atoms by short, off-resonant sw pulses. Two sw 
pulses, spaced in time by T, are applied to a sub-Doppler 
laser-cooled sample with a root-mean-squared (rms) mo- 
mentum spread of p Tms — (MkBT) 1 ^ 2 ~> hk, where T is 
the sample temperature and fee is Boltzmann's constant. 
For each atom in the sample, the first pulse excites a 
superposition of momentum states separated by integer 
multiples of hq. Between the pulses, the wave function 
associated with each momentum state develops a time- 
dependent phase (j>(t) = (pa + nhq) 2 t/2Mh due to its 
kinetic energy, where po is the initial momentum of the 
atom and n is an integer. The second excitation pulse 
further diffracts the momentum states, causing certain 
trajectories to interfere in the vicinity of t = 2T. This 
interference creates a spatial modulation in the atomic 
probability density. At the "echo" time, t = 2T, the 
contribution to the phase modulation of wave function 
due to po (i.e. the Doppler phase, <po{t) — nqv^t, where 
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FIG. 1. (Color online) (a) Lowest-order momentum trajectories for the two-pulse AI. The Doppler phase contribution to 
the interference between the two trajectories, qvo(t — 2T), is zero at the echo time, t — 2T, for all initial atomic velocities, 
Vo = po/M. (SW1 = first sw pulse, RO = read-out pulse) (b) Example of low-order momentum trajectories for the three-pulse 
perturbative AI. Here, the Doppler phase contribution is zero at t = 2T and independent of ST for only those trajectories that 
differ by hq after SW3. (c) Echo energy as a function of ST/r q , where r q — -k /uj q is the recoil period. Line shapes are shown for 
three different pulse areas, uz, assuming only one magnetic sub-level contributes to the signal and that spatial profile effects 
associated with the excitation beams are negligible. 



v o = Po/M), is equal for two interfering trajectories. 
Here, we have ignored the p^t/2Mh term that is com- 
mon to all trajectories and is not important for interfer- 
ence. Thus, for all velocity classes, the Doppler phase 
cancels between interfering momentum states — resulting 
in a macroscopic density grating that remains coherent 
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about t = 2T. Here, 



and n' ^ n are integers representing separate interfering 
momentum states. The remaining phase component due 
to the recoil of the atom, <f> q (t) = n 2 ui q t, is, in general, 
non-zero at the echo time and oscillates at an integer mul- 
tiple of u) q . An example of two interfering tra jectories for 
low-order momentum states is shown in Fig. [TJa). 

The grating contrast is measured by applying a 
traveling- wave read-out pulse and detecting the intensity 
of the coherently Bragg-scattered light from the atomic 
cloud in the backward direction. Due to the nature of 
Bragg diffraction, this detection technique is sensitive to 
only the harmonics of the density modulation that have 
a period mA/2, where m is an integer. In the plane-wave 
picture, only interfering momentum states that differ by 
Hq can produce such a modulation. The time-integrated 
power of the back-scattered light (referred to as the echo 
energy) is a measure of the grating contrast produced by 
this interference. Experiments utilizing the two-pulse AI, 
where the echo energy is measured as a function of T, are 
described in Refs. [15l4l8| . 

For the three-pulse perturbative AI, an additional sw 
pulse is applied between the first two pulses at t — ST < 
T, as shown in Fig.QJb) [20]. This pulse has the effect of 
diffracting the atom into higher-order momentum states 
that contribute additional harmonics to the recoil mod- 
ulation of the grating contrast. However, only a small 
subset of the excited trajectories will interfere at the echo 
time for an arbitrary ST (i.e. trajectories which, when 
combined, exhibit a Doppler phase that is independent 
of ST) . Specifically, the only momentum states contribut- 
ing to the signal are those that differ by hq after SW3 



and after SW2, as shown by the example in Fig. Hfb). 
When all possible trajectories are summed over, it can 
be shown that the resulting echo energy is modulated by 
Jq[2m3 sin(o;g(5T)] 2 , provided the third pulse area is small 



(i.e. m 3 = ngr 3 /2|A| < 1) |21|,l2j. Here, J (x) is a Bessel 
function, S7o is the one-photon Rabi frequency, r 3 is the 
third sw pulse duration, and A is the detuning from the 
excited state. Figure[ljc) illustrates the predicted depen- 
dence of the echo energy (for a single ground state mag- 
netic sub-level) as a function of ST. For small pulse du- 
rations [i.e. r 3 < (|A|/^QW fc ) 1/2 , where u k = hk 2 /2M], 
the full-width at half-maximum (FWHM) of the signal 
scales inversely with it 3 . For this AI, the sensitivity to 
h/M scales with the width of the excited momentum dis- 
tribution and inversely with the time scale (T) over which 
the signal can be measured. 

As described in Refs. 0, H3, two major improvements 
to the grating-echo AI experiment have enabled us to 
reach time scales of T ~ 50 ms: (i) utilizing a non- 
magnetizable glass vacuum system, which reduced deco- 
herence effects related to £?-field gradients and improved 
the molasses cooling of the sample, and (ii) using large- 
diameter chirped excitation beams, which eliminated the 
differential Doppler shift between the two components of 
the sw pulses. 

The experiment utilizes a laser-cooled sample of ru- 
bidium typically containing ~ 5 x 10 9 atoms at temper- 
atures of T < 5 /iK. Either 85 Rb or 87 Rb atoms are 
loaded into a magneto-optical trap (MOT) from a back- 
ground Rb vapor. Before the AI experiment, the sample 
is prepared in the upper hyperfine atomic ground state 
(5S 1/2 F = 3 for 85 Rb or F = 2 for 87 Rb). The light 
for the AI is derived from a Thsapphire laser (linewidth 
~ 1 MHz) that is locked above the D2 cycling transition 
using Doppler-free saturated absorption spectroscopy. A 
network of acousto-optic modulators (AOMs) is used to 
generate the frequencies necessary for the AI excitation 
and the read-out beams. The read-out light is detuned 
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FIG. 2. (Color online) (a) Optical setup for the interferom- 
eter. The glass cell has dimensions 7.6 x 7.6 x 84 cm and is 
oriented along the vertical, (b) Timing diagram for the AI. 
The gate AOM is pulsed on to allow light for each excitation 
pulse produced by the ki and &2 AOMs, where three pulses 
are shown. The pulse occurring at t = Ti + ST corresponds 
to the perturbative sw pulse. The read-out pulse (which is 
independent of the gate AOM) and the PMT gate are turned 
on for ~ 9 fis in the vicinity of the echo time, t = T\ + 22ai. 
(c) Example of a two-pulse grating-echo signal (from a 10 /iK 
87 Rb sample) recorded by the PMT, which corresponds to an 
echo energy of 130 pJ. AI pulse parameters: T21 = 1.06338 
ms, ti = 3.8 its, t 2 = 1.2 us, A A i = 220 MHz, A RO = 40 
MHz, Iai = Iro ~ 43 mW/cm 2 , d A i ~ 1.7 cm. 



by Aro = 40 MHz from the cycling transition — a condi- 
tion that increases the back-scattered light intensity from 
the atoms j22| . The AI beams are detuned by Aai = 220 
MHz, and a frequency chirp of S(t) = gt/X is added to 
(subtracted from) the downward traveling (upward trav- 
eling) component of the sw pulses such that each excita- 
tion is kept on resonance with the two-photon transition 
[22j. Here, g is the gravitational acceleration, and A 
is the wavelength of the AI light. A "gate" AOM is used 
upstream of the AI AOMs as a frequency shifter and as 
a high-speed shutter to reduce the amount of stray light 
in the experiment. All rf sources and digital-delay gen- 
erators used to define the pulse timing for the AI are 
externally referenced to a 10 MHz rubidium clock. 

The AI beams are coupled into two AR-coated single- 
mode optical fibers and aligned through the sample, as 
shown in Fig.^a). At the output of the fibers, the beams 
are expanded to a e _1 diameter of g?ai ~ 1-7 cm and are 
circularly polarized in the same manner by a pair of A/4 
wave plates. The timing sequence for the experiment 
is illustrated in Fig. EJb). A mechanical shutter on the 
upper platform closes just before the read-out pulse is 
applied to block any optical back-scattering of read-out 



light from interfering with the signal from the atoms. A 
gated photo-multiplier tube (PMT) is used to detect the 
power in the echo signal. Fig. EJc) shows an example of 
the back-scattered echo signal from the two-pulse AI. 

Measurements of uj q were obtained using the pertur- 
bative three-pulse AI by measuring the echo energy as 
a function of the third sw pulse time, T3 = T\ + ST, 
as shown in Fig. [3Ja). Here, ST < T 2 \ = T 2 - T x . To 
measure uj q , data are fit to a phcnomenological model 
that consists of a periodic sum of exponentially-modified 
Gaussian functions, and the recoil frequency is extracted 
from the fit. Figure (3Ja) shows a measurement of u> q in 
85 Rb on a time scale of T21 ~ 36.7 ms that was acquired 
in ~ 15 minutes. The fit to these data yields a statistical 
precision of Suj q /uj q ~ 180 ppb. This represents a factor 
of ~ 9 improvement over previous work [20I ] . 

To demonstrate the statistical uncertainty of the mea- 
surement under current conditions, 82 independent mea- 
surements of uj q in 87 Rb were obtained with all other 
experimental conditions held fixed to the extent possi- 
ble. The distribution of individual recoil measurements 
is shown in Fig. [3Jb). Here, u q is determined from 
a weighted average over all individual measurements, 
where the points are weighted inversely proportional to 
the square of their statistical uncertainties. The mean 
value, which has not been corrected for systematic ef- 
fects, is found with a relative statistical uncertainty of 37 
ppb as determined by the standard deviation of the mean. 
An autocorrelation analysis of the measurements shown 
in Fig.[3]^b) indicates that the results are correlated at the 
20% level with measurements taken at a previous time. 
This is attributed to slowly varying lab conditions over 
the 14 hours of data acquisition time. The primary con- 
tributors to these correlations are the temperature and 
the time-varying ambient magnetic environment of the 
lab, which are currently being stabilized for a new round 
of measurements. 

We have investigated systematic effects on the mea- 
surement of oj q related to the angle between excitation 
beams, the refractive indices of the sample and the back- 
ground Rb vapor, light shifts, Zeeman shifts, -B-field cur- 
vature and the sw pulse durations [51]. The total sys- 
tematic uncertainty in this measurement is estimated to 
be ~ 5.7 ppm, and is dominated by two effects: (i) the 
refractive index of the sample, and (ii) the curvature of 
the -B-field that the atoms experience as they fall under 
gravity. For our sample density (~4x 10 10 atom/cm 3 ) 
and detuning (Aai = 219.8 MHz), we estimate a shift in 
uj q of —10.5(3.0) ppm based on Ref. Similarly, inde- 
pendent studies of the -B-field curvature (~ 0.4 mG/cm 2 ) 
indicate a shift of +6.3(4.4) ppm 22] . 

The systematic shift due to the -B-field curvature can 
be significantly reduced by selecting only the rap = 
atoms using a microwave 7r-pulse and a bias B-field. 
This will have the added benefit of eliminating decoher- 
ence due to this curvature — enabling an increase in T21 
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FIG. 3. (Color online) (a) Demonstration of an individual recoil measurement in Rb using the perturbative AI at T21 = 36.6656 
ms. Data are recorded in two temporal windows separated by 1128 r 9 ~ 36.5 ms. The relative statistical uncertainty in u) q 
is ~ 180 ppb, as determined from a non-linear least-squares fit. (b) 82 independent measurements of co q in 87 Rb displayed 
in chronological order. Each data point was recorded in ~ 10 minutes of data acquisition time, with a typical statistical 
uncertainty of ~ 380 ppb. Measurements are scaled by the expected value of the recoil frequency, uj q ^ — 94.77384783(12) 
rad/ms, which is based on the value of /i/M( 87 Rb) from Ref. [ll| and the F — 2 — > F' = 3 transition frequency in 87 Rb 
from Ref. [23J. The dashed grid lines indicate the weighted standard deviation of 339 ppb, and the standard deviation of the 
mean is 37 ppb. The corresponding reduced chi-squared is xVdof = 0.93 for dof = 81 degrees of freedom. The mean value, 
shown by the solid grid line, is ~ 2.8 ppm below the expected value, which is due to systematic effects. AI pulse parameters: 
T21 = 45.4837 ms, n = 2.2 fis, r 2 = 1.4 /is, r 3 = 3 jus, A A i = 219.8 MHz, A RO ~ 40 MHz, I A i = Iro ~ 96 mW/cm 2 , d A i ~ 1.7 
cm. 



and a corresponding reduction in the statistical error of 
each measurement. Under current conditions, we have 
achieved a maximum time scale of T21 ~ 65 ms. How- 
ever, previous studies indicate that the transit time of 
the atoms in the excitation beams is ~ 270 ms [l^|, sug- 
gesting that T21 can be as large as ~ 135 ms before the 
temperature of the sample becomes the limiting factor. 
The systematic shift due to the refractive index of the 
sample can be reduced by decreasing the sample den- 
sity, or increasing the detuning of the AI beams. How- 
ever, the current configuration of the AI requires a large 
number of atoms in order to achieve a sufficient signal- 
to-noise ratio. Also, the sensitivity of the three-pulse 
perturbative AI relies on a relatively strong atom-field 
coupling in order to excite many orders of momentum 
states. Thus, a decrease in the sample density or an in- 
crease in the excitation beam detuning both lead to a 
reduction in the signal size and, therefore, in the sensi- 
tivity of the AI to ui q . A possible method of addressing 
this challenge is to increase the intensity of the back- 
scattered signal by pre-loading the sample in an opti- 
cal lattice such that the initial spatial distribution has 
a significant A/2-periodic component (2S| . Experimental 
studies of MOTs loaded into an intense, off-resonant op- 
tical lattice has shown that the reflection coefficient of 
the light that is Bragg-scattered off the resulting atomic 
grating can be as large as R ~ 0.8 [26j], whereas we esti- 
mate R ~ 0.001 for the grating-echo in this work. This 
motivates the pursuit of high-contrast grating-echo pro- 
duction in order to increase the signal-to-noise ratio in 
the experiment. Such a procedure may then allow the 
density of the sample to be reduced (by tailoring the se- 
lection of mj? = atoms to yield low numbers) while 
retaining sufficient signal-to-noise. Additionally, by us- 



ing the intense lattice beam to generate the excitation 
pulses required for the AI, the width of the recoil fringes 
can be further reduced — thereby improving the statisti- 
cal uncertainty of each measurement. With these experi- 
mental improvements, we anticipate that a future round 
of measurements will yield results with both statistical 
and systematic uncertainties at competitive levels. 
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